Previous research has shown that passive electromagnetic damping could be feasible for automotive applications, but there would be a severe weight penalty, particularly in light weight vehicles. With modern advances in permanent magnets the feasibility of passive electromagnetic dampers is re-examined. A model of a permanent magnet and coil system is developed and validated in small scale. This magnet model is used to model a dynamic damper system which is again tested. This dynamic model is then scaled up to a two degree of freedom system to determine the damping for a quarter car model. Two damper designs are created each of which would produce a damping coefficient of 1,600 Ns/m. The proposed dampers require more than three times the volume of the equivalent hydraulic dampers.
Introduction
In automotive applications common oil dampers have been developed to a high level. However oil dampers provide less benefit for lightweight vehicles. Due to these and other reasons, research has turned to investigating alternative technologies for damping applications. Karnopp (1989) suggested that it is feasible to build linear electro-magnetic (e.m.) dampers for use in vehicle suspensions. The advantages of such a damper included low static friction and the fast control speed of the damper in active and semi-active applications. 
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PUBLIC INTEREST STATEMENT
Shock absorbers are an important component of a cars suspension system. A well designed suspension system is essential for the safety of a vehicles occupants. Most modern vehicles use suspension system designs that date back at least 50 years. An investigation is conducted to see if an electromagnetic damper system can achieve the performance required for use in modern vehicles, with a particular focus on modern lightweight electric cars. A small scale mathematical model of the cars motion and the electromagnetic damper are created and then tested to see if they are valid. The model is then scaled up to model larger dampers for a practical automobile system. It is shown that electromagnetic dampers that develop sufficient forces for realistic use are heavier than the equivalent commercial dampers.
The use of a regenerative EM damper for the generation of power for use in car systems has also been proposed. While the power regenerated is small relative to the total overall power demands of an automobile, this power could be used for the operation of the damper itself, for supplying electrical energy to auxiliary systems in the automobile or for more efficient propulsion of the vehicle (Graves, Iovenitti, & Toncich, 2000; Guo et al., 2016; Li, Zuo, Luhrs, Lin, & Qin, 2013; Kim & Okada, 2002; Satpute, Singh, & Sawant, 2014; Zuo, Scully, & Shestani, 2010) .
The concept of passive electromagnetic damping is well known and is based on Faraday's law. Taking the case of a single cylindrical magnet and a coil of wire, damping can be achieved as is characterized in (Agutu, 2007) . Unlike conventional dampers, the damping is dependant upon not only the velocity of the magnet relative to the coil, but also their relative positions. Karnopp (1989) proposed a damper that had a magnetic field that was constant over the range of motion of the damper. Due the magnetic field being constant, the forces generated by the EM damper could be modelled by (1),
The number of loops of wire in the coil will affect the force generated by the damper. However, while a fine wire will produce many more loops of wire, the reduced diameter of the wire and the extra length of the wire will produce a greater resistance. The extra resistance of a finer wire cancels out any increase in force produced by the increase in the number of loops in the coil. Therefore the force generated by Karnopp's (1989) proposed damper is not dependant upon the number of windings used in the coil, rather the mass of the copper is the main determinant. Karnopp was limited in the force generated due to the strength of the then available permanent magnets. As can be seen in (1) the force generated by the damper is a function of the magnetic field squared, thus the increase in magnetic field strengths using modern Neodymium magnets can produce an appreciable increase in the force generated.
While research into electromagnetic damping for automotive applications has continued, the use of a simple coil/permanent magnet damper is not well modelled for this application. This is in part due to the difficulty in modelling the non-linear nature of the magnetic field produced by a coil/ magnet damper. The model to be developed for research into this field is required to determine the damping forces for an electro-magnetic damper in passive, semi-active and fully active modes as well as determining the voltage and power generated in regenerative damping mode. The complete
2 M c v model should be able to be used in the initial modelling stage as well as with hardware in the loop controllers for development and for practical application.
For the construction of a complete model, two separate components are required: The first element being a model of the magnetic field generated and the second is the model of the damper using the generated field. For a passive e.m. damper both the internal and external fields of the magnet have to be determined. In the determination of the near field and internal field of a cylindrical magnet there are several methods that are used.
Analytically the field can be modelled using the Coulombic model (Ravaud, Lemarquand, Babic, Lemarquand, & Akyel, 2010) , the Amperian Current Model (Compter, Jansssen, & Lomonova, 2010; Ravaud et al., 2010) , The Surface Charge Method (Rovers, Jansen, & Lomonova, 2010) , using Maxwell's Equations (Pfister & Perriard, 2011; Smeets, Overboom, Jansen, & Lomonova, 2011) and using the Biot-Savart equations (Babic & Akyel, 2012) . The major impediment to an analytical solution is the requirement to use elliptical integrals. While the use of these integrals in many of the above approaches prohibits a complete analytical solution, these problems can be solved using modern numerical methods.
A common numerical approach is the use of the Finite Element Method (FEM) of analysis. This approach typically determines the magnetostatic field using Maxwell's equations of electromagnetism (Zienkiewicz, Taylor, & Zhu, 2005) and has been used in cases such as in (Mahmoudi, Kahourzade, Rahim, & Hew, 2013; Kazan & Onat, 2011) . In typical applications a high degree of non-linearity of the field can exist and the solution to such problems generally uses an iterative approach in which a sequence of linearised problems are solved.
Another numerical approach is the modelling of a cylindrical magnet as an air cored solenoid. This concept is well known and allows the magnet and the damper to be each modelled as current carrying loops. The Lorentz force between the magnet and the coil can then be determined is used using the Biot-Savart law (Ziolkowski & Brauer, 2010) , by determining the mutual inductance (Akyel, Babic, & Kincic, 2002; Akyel, Babic, & Mahmoudi, 2009; Babic & Akyel, 2008a) or using the filament method (Babic & Akyel, 2008b) .
In this work a static model of the magnetic field can be created in Matlab, the magnet being modelled as an air cored solenoid and the Biot-Savart law being used to determine the magnetic field at any point. Matlab solvers are used to obtain a solution for the elliptical integrals. To determine the flux within the damper coil at any point, the magnetic field is then integrated from the z axis to coil radius and integrated along the damper coil's length.
A dynamic model of the damper is created in VisSim. This is a visual block diagram language that is used for the numerical simulation of dynamic systems. The VisSim model is used to simulate the behaviour of a one degree or two degree of freedom system with a passive e.m. damper. This model is required to be validated and then the model can be scaled to determine the size of the damper required for use in a light weight vehicle. The specific volumetric damping is then compared to determine if the damper is suitable for use in modern automobiles.
Theory of the magnetic field
Faraday's law is used to determine the forces generated by the damper and the standard description of a damped system for the acceleration, velocity and displacement of the sprung mass. The magnet is modelled numerically as an air cored solenoid and the flux generated by the magnet is determined over the range of displacement for the masses. This is recorded as a lookup table for use in the dynamic model. Faraday's law was first described independently by Michael Faraday and Joseph Henry in 1831. It is given as (2), where the magnetic flux is dependent upon the geometry of the magnet and the relative position of the magnet and the coil. The power generated by the coil is given by (3) and (4).
While the force generated by the coil at any instant is (5). Substituting (4) into (5) gives (6) This force is then applied to the magnet/coil system. The magnet/coil system is modelled as a single degree of freedom system with the motion along the z axis. The coil is fixed and the magnet is free to move, while attached to a spring. The magnet and coil provided a damping force for this system. A freely vibrating damped system is described by (7)
In the case of a single magnet and coil the force of the damping is dependant upon both the velocity and position. This is now described as (8)
For this equation to be complete, two additional terms are required: F C , to represent the Coulombic damping. And c nat to represent the natural damping of the system, the complete equation for the electro-magnetic damper is given as (9).
The magnet is modelled as an air cored solenoid with a finite number of loops. The magnetic field is then generated for each loop of wire with a current flowing through it. The superposition principle is then used at each point measured to sum the magnetic field from each loop in the solenoid to produce the total magnetic field.
For a single loop as shown in Figure 1 , using the Biot-Savart law of Magnetostatics, (Kuns (2007) derives the magnetic field at any point is space as (10),
using polar coordinates where the loop is centred on the z axis, with the loop on the r axis. The complete elliptical integrals of the first and second kind are both with regards to k 2 in the form K(k 2 ) and E(k 2 ), where k is given by (11).
In determining the change in flux, only the z component of the field is required and is given by (12).
For the complete model of a coil-magnet system, the coil is modelled as a solenoid with multiple loops and the permanent magnet is also modelled as a solenoid with multiple loops. The flux through each loop of the coil is calculated by (13).
Substituting (13) into (9) gives a complete numerical model of the passive damper.
The dynamic damper model
To describe the magnet, the magnetic flux along the z axis is modelled using (13). This is then used to determine the enclosed flux of a coil along the axis of motion for a distance of 60 in 1 mm increments. Symmetry about the centre of the coil is used along the axis of motion to reduce the calculation times in modelling the flux on each side to the magnet. The magnetic field and fluxes are determined using the functional language MATLAB. These modelled fluxes are then formed into a lookup table using linear interpolation for use in the dynamic damper simulation.
The dynamic damper model is created in the numerical modelling package VisSim, as (10). The flux at any position is determined from the look up table with a linear interpolation. Factors for Coulombic and natural viscous damping are included.
The model is then given a step input and the subsequent displacements of the spring-damper system are then compared to the measured displacements of an electromagnetic damper. The damping coefficient of the total system is then determined. From this and the measured natural damping of the system, the damping coefficient of the damper is determined.
For the dynamic simulation of a one degree of freedom system, Equation (14) is developed in VISSIM. where k is the spring constant, z 1 is the position of the sprung mass, z 0 is the position of the road surface, c is the damping coefficient and m is the sprung mass in kg. To this is added a term, c nat , for the natural damping efficient, which is the damping of the system without the damper, F C which is the Coulombic damping and F D which is the force exerted by the passive electromagnetic damper. This gives (15)
Materials
The magnet chosen to model is a neodymium rare earth magnet rated as an N35, it is 0.028 m long and 0.0095 meters in radius with a pole strength of 0.5778 T. A computer model of the magnetic field is created in MATLAB Simulink. The modelled field produced is shown in Figure 2 . The North/ South poles are along the z axis. The figure shows one quarter of the magnet field of the magnet measured from the centre. The field is rotationally symmetrical and the poles are also symmetrical. The magnetic field of the prototype magnet was measured at 2.5 mm intervals using an Alphalab Model 1 DC Magnetometer.
The absolute differences between the measured and modelled values are represented in Figure 3 . For majority of the region modelled the difference between the modelled field and the measuredl field is less than 0.01 T. The largest differences between measured and modelled results occur where the magnetic field is changing the fastest and where the field is the strongest. The average error between the measured and modelled fields is 3.5%. When the differences are averaged over the entire field, the measured field readings are 1.1% larger than the predicted values. The largest absolute difference between the measured and modelled field occurs at the physical pole of the magnet where the limitations of the measuring equipment are observed. Even small differences in displacement, such as the thickness of the magnetic probe, make a significant difference to the results. This method of testing only measures the external field of the magnet and cannot measure the internal component of the magnetic field. The peak magnetic field strength is physically inside the magnet and drops off in a non-linear manner with distance from the poles. The component of the magnetic field physically inside the magnet represents the major component of any flux that will be used in the model, therefore an independent method is required to test for the internal field. By using the modelled field, the flux of the magnet travelling through a coil is determined. By passing a magnet through the prototype of the modelled coil, a voltage is produced. This is measured and converted to an electromotive force for calculations. The rate of change of flux is then determined from this as in Figure 4 .
Summing over time the total flux of the magnet in the coil is determined to be 0.004501 Wb. Summing the model flux of the damper/coil system gave a modelled flux of 0.00488 Wb. There is an agreement between the modelled and measured data of 92.2%.
Vibration analysis
A small test rig was constructed for initial validation of the damper model as shown in Figure 5 . This is adjustable in all three axes to ensure that the magnet does not mechanically interact with the coil. The damper itself consists of 120 turns of 1 mm copper wire wound as three layers of 40 turns each, wound onto a PVC core. An accelerometer is attached to the sprung mass and data is recorded with a Signal Analyser.
A series of trials are conducted with the weight of the damper and hanger of 100 g plus additional weights of 300-1,000 g. A series of runs is also conducted with the damper in place but without damping being applied. These data runs are used to determine the natural damping and the Coulombic damping of the system.
In the time domain
To determine the Coulombic Friction and the natural damping of the system, a run of the physical system being modelled is conducted. During modelling, visual inspection of the acceleration-time graphs for the model and for the recorded data is used to determine these values so as to produce a displacement-time graph that matches a known experimental result for the rig being used. The combined graph for the natural damping coefficient and the Coulombic Damping factor for an added weight of 1 kg are determined as in Figure 6 . For the values given, the two graphs merge to the point where there are almost indistinguishable from each other. This process is repeated for every weight that is used during the experimentation. A series of runs is conducted using added weights from 300-1,000 g. A typical result is shown in Figure 7 . This represents an added weight of 1,000 grams and the magnet is modelled as a solenoid with a current of 30.4 Amps. As can be noted, there is a difference of magnitude between the predicted and modelled acceleration. This is consistent in all readings and is a systematic uncertainty caused by calibration issues and resolution in numerical modelling.
The damping coefficient of the total damper for various weights is given in Table 1 The relative agreement between the modelled and measured data is also given in Table 1 . This showed an agreement between the modelled and the measured damping of the magnet-coil damper system to be between 75-93%. The mean agreement is 84%.
In the frequency domain
To determine the effectiveness of the passive e.m. damper and to verify the accuracy of the modelled passive damper, the passive damper was tested at frequencies from below the resonant frequency of the system to approximately 9 Hz. The upper frequency was limited by the experimental apparatus. A series of experimental runs are conducted over the frequency range with a pseudo-sinusoidal input and compared to the theoretical model. The magnet used is the same 29 mm long neodymium magnet that was previously modelled. The coil is the single coil as described previously. The frequency of the VisSim model is set at 1,000 Hz to avoid any aliasing effects and to reduce numerical errors.
A comparison is conducted between the measured damped motion of the system and the modelled damped motion of the system. The results are given in Figures 8 and 9 . The values displayed are the absolute r.m.s. velocity of the damper at the various frequencies for experimental runs of over 30 s.
At the near resonant frequency of 1.58 Hz the modelled displacement and velocity increased by several factors. The physical prototype has a limited allowable range of motion and therefore is much more limited in both displacement and velocity. At frequencies over 4-5 Hz the accelerometer drift of the measuring accelerometer, when integrated, can become larger than the actual velocity measurements. In the range of 1-4 Hz there is a better than 93% agreement between the measured and modelled values. However, for frequencies above 4 Hz the agreement drops rapidly to 38%. This drop in accuracy is caused by accelerometer drift creating a larger noise than the signal that is being measured. These effects are noted for both the damped and undamped motion. In the case of higher frequencies the relative performance of the damped and undamped systems are compared, rather than the absolute values.
While the passive damper is sufficient to produce observable damping effects, the magnitude of this damping is designed for research purposes and not practical damping applications. To determine if this damper is of practical use, a larger scale model is required.
The small scale model
In this model the total mass of 500 g mass represents the lower mass limit of the system. Below this point the model no longer fully represents the damper/mass system as the relative uncertainties accumulate. In all cases the predicted damping is less than the recorded damping. As is observed in Figure 8 , there are some calibration issues between recorded data and the model. This should produce a slightly higher than predicted damping factor. It is also noted that the coil is wound onto a paramagnetic substance. This property is not included in the model. This should again mean that the model predicts a lesser value. A further assumption is the axisymmetric nature of the field within the magnet; this is observed to be not fully accurate. The resistance of the coil is important in the final force generated. The resistance of the coil is accounted for, but the reactance of a coil of a coil for an alternating current caused by the magnet is not modelled. An analysis of the reactance of the coil produced a difference of less than 0.1% for the impedance of the coil. From testing the system showed sensitivity to the initial conditions and the measurement with of the total mass of 1,000 g show some of this sensitivity in the result. Resolution issues due the scale of this experiment are apparent during testing. Any disparity between the model and measured will cascade as the dynamic model is modelled using the solutions produced by the static model. The static model showed a greater than 90% agreement and the total model produced a, average agreement of 84%. Having good confidence in the validated model, it was then applied to a full size, lightweight electric vehicle as shown in Figure 10 . The magnetic force, F D, was calculated from Equation (6). A two degree of freedom model was simulated with F D , being varied until it produce a typical damped response for the spring mass. This was an iterative approach that gave the parameters for number of coils, magnets and windings. This is explained in detail in Section 6.
Scaling up the passive e.m. damper for a lightweight vehicle
To determine the feasibility of the passive electromagnetic damper as a component for full size automobiles a two degree of freedom model of a car suspension system is created.
For a quarter car, the masses could be modelled as a two degree of freedom as in Figure 11 , where m 1 is the unsprung mass/tyre, m 2 is the sprung mass/car body, z 0 is the displacement of the road surface, z 1 is the displacement of the unsprung mass, z 2 is the displacement to the sprung mass, k 1 is the tyre stiffness, k 2 is the shock absorber spring stiffness, c is the damping coefficient of the tyre and F D is the damper force. For a two degree of freedom system the equations of the displacement of the unsprung and sprung masses are given by (16) and (17). As the damping from tyres are usually considered negligible the equations simplified to (18) and (17). This is modelled in VisSim for a light weight electric vehicle similar to the University of Waikato Ultracommuter electric vehicle as shown in Figure 10 and using values as given in Table 2 . These values give a resonant frequency of the sprung mass is 1.322 Hz and the frequency of the tyre "hop" is 10.41 Hz.
A pair of larger magnets is modelled for suitability for use in a more powerful damper. Both are cylindrical and axially magnetised. Each of these magnets are matched with a coil the same length as the magnet and consisting of a single layer of wire. The properties of the magnets and their responding coils are given in Table 3 .
For the damper to be effective, a damping ratio of 0.5 should be the minimum achievable figure. This requires a damping coefficient of 1,600 Ns/m. For a single coil and magnet the maximum damping coefficient achieved for the ND3522 magnet is 4.60 Ns/m and for the ND5550 the maximum achieved is 20.9 Ns/m. The weight of the magnet-coil system is 0.0934 kg for the ND3522 and 0.5106 kg for the ND5550. With the masses and spring stiffnesses involved a single magnet and coil of the types in Table 3 achieved only a small percentage of the required damping coefficient.
To increase the performance the number of layers is increased to five. This increased the damping effect for the ND3522 to 23.5 Ns//m and for the larger ND5550, 106.3 Ns/m. The masses of the coilmagnet systems increased to 0.171 and 0.892 kg respectively. These damping coefficients remained insufficient to give the suspension system the required damping ratio.
The damping force is further increased by using a second coil with an opposing direction as illustrated in Figure 12 (a). This second coil is wound in the opposite direction to the first coil and has a reversed polarity. This provides approximately twice the damping of the single magnet coil system, but without the requirement of adding a second magnet, only a second coil. For a single magnet and two matched coils, as in Table 3 , each of five layers, the damping increased to 47.6 and 211.8 Ns/m.
Still greater damping coefficients are obtained through the use of a stack of magnets and coils of opposing magnetic fields and polarities as illustrated in Figure 12 (b). In (Fow & Duke, 2016) two magnet/coil stacks were proposed, each of which acted as a two phase linear electromagnetic generator. These were both designed to produce a damping coefficient of approximately 1,600 Ns/m. The specifications of these dampers are given in Table 4 . A major consideration in any damper design is the physical space that the damper occupies. A damper made from ND3522 magnets and coils produces a stack 770 mm tall, without any mounting and 920 mm tall at maximum extension. The volume of this stack is 2.177 litres. For a damper stack made from the ND5550 magnet-coil combination, the height is 800 mm minimum and 950 mm at maximum extension. The volume of the second proposed damper is 3.078 litres. This is compared to a equivalent commercial damper that is 550 mm long at full extension and with all of the mountings. The dash pot on a hydraulic damper will produce a specific volumetric damping of over 2,000 Ns/m per litre of volume. While the passive dampers produce specific volumetric damping of 756 and 532 Ns/m per litre respectively. In the case where the volume of the damper is important, an electromagnetic damper is not only heavier than the equivalent oil damper, but occupies significantly more space and has extra complexity.
Conclusions
Both the model of the magnet and the model of the dynamic system are validated. The model of the magnet producing a better than 96% agreement between the modelled and measured magnetic fields. This produced a 92% agreement between the modelled and measured flux generated by the magnet-coil model. Testing of the single degree of freedom damper model produced 83% agreement in the time domain and 94% agreement for the frequency domain, where the measured signal is sufficient for reliable measurements. The model was then scaled up to produce two proposed dampers, each of which would produce a damping coefficient of 1,600 Ns/m, which is considered sufficient for the damping of a lightweight vehicle. The two dampers occupied three to four times the volume of an equivalent hydraulic damper when sans covers, connecting rods, other damper "furniture" or any systems to remove the heat generated by the damper. It is therefore determined that there is no volumetric advantage in the use of the proposed damper in a purely passive mode. Further research should be conducted to determine if the damper in semi-active or regenerative modes would justify the increased weight and volume of the passive e.m. damper. 
